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Abstract

The morphological and luminescent properties gfAYGa)s01,Ce”* powder phosphor were
investigated. Scanning Electron Microscopy (SEMyealed the phosphor's agglomerated
particles with a size ranging from 0.4um to 1.40he X-ray diffraction (XRD) indicated a
cubic polycrystalline phosphor with an average talysize of 80 nm. Excitation peaks for the
powder were obtained at 439, 349, 225 and 189 nineamission peaks at 512 and 565 nm.
Emission wavelength at 512 nm was also used tooappate the Al/Ga ratio within the crystal.
Photoluminescence (PL) data also revealed thaadHgion of the Ga into the YAG:Eematrix
caused a blue-shift in the emission spectra. TheMUW excitation and emission spectra of the

Y 3(Al,Ga)s012:Ce™ were also recorded and an energy diagram wasroeted from the values.

The phosphor powder was used as target materialPidsed Laser Deposition (PLD).

SiO,/Si(100) was used as substrates and thin films wepmsited in the presence of different
background gases. XRD indicated that better ciyzibn took place for films deposited in a
20 mTorr Q atmosphere. Atomic force microscopy (AFM) revead@dRMS value of 0.7 nm,

2.5 nm and 4.8 nm for the films deposited in vacu@mand Ar atmospheres, respectively. The
highest PL intensity was observed for films depabih the Q atmosphere. The thickness of the
films varied from 120 nm to 270 nm with films defied in vacuum having the thin layer and
those in Ar having the thick layer. The stoichiomgetf the powder was maintained in the film

during the deposition as confirmed by Rutherfordkdsaattering spectroscopy (RBS).

Luminescent properties ofsfAl, Ga)s01.:Ce™ thin films prepared by PLD at different substrate
temperatures in an {background atmosphere were also investigated. XRlizated that the
films have the same cubic polycrystalline phasectiire as the powder. AFM revealed poorly

defined grain growth for films ablated at a sulisti@mperature of 22°C and 500°C but well
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defined grain growth was observed for films ablas#d 300°C substrate temperature. Auger
electron spectroscopy (AES) depth profile of tHenfablated at 500°C indicated that Si has
diffused into the thin film. The highest PL intetysivas observed for films deposited at the
substrate temperature of 300°C. A slight shifthe wavelength of the PL spectra was obtained

for the thin films with respect to the powder daeatchange in the crystal field.

The maximum PL intensity was obtained from the fdeposited at the substrate temperature of
300C in an Q atmosphere. In addition, the films with well-defd grains (rougher surfaces)
showed higher PL intensity compared to films wittopy-defined grains (smooth surfaces) as

confirmed from AFM data

Keywords: Y3(Al,Ga)s01,:Ce": Pulsed Laser Deposition; different gas atmosphesgbstrate

temperature, photoluminescence.
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Chapter 1

Introduction
For the past few years, there has been much attegiven to phosphors based orfEor C€*
activator ions for solid state lighting applicati¢h-6]. These ions are characterized by d-f
transitions which are extremely intense *Ggoped compounds generally show an emission in
the near UV [7], but in the presence of high cryBédds such as in garnets, visible emissions are
observed [8]. Ce-dopedsXIs0:, (YAG:Ce) is such a garnet. YAG:E&eshows yellow emission
from the characteristic 5d-4f transitions of*Céon, and these energy levels of the*Cien
strongly depend on the host's crystal field whictlices the energy level splitting of Gatbital.
YAG:Ce has numerous applications such as a lumamesmaterial in plasma display panels
(PDPs) [9], solid state lighting, scintillators artiermographic phosphor [10][11][12].
Recently the CB-doped garnet phosphors have attracted a great afeattention in the
application for white light emitting diodes (LED9d)he first generation of white lamps is based
on a combination of the InGaN chip emitting blueofgims at around 480 nm, coated with a
broad-band yellow G& doped yttrium aluminum garnet ( YAG: Ce) phospHa®j. Usually the
InGaN chip is covered by a layer of YAG:Ce phospiich converts some of the blue light
into yellow light. This blue LED plus yellow phosphcombination gives a cool white light.
This white LEDs are already widely used as backtiigy in cellphones as interior lighting in
aircraft, cars and buses and as bulbs in flaslsligtowever the quality of this white light is not
good enough for home and office lighting for whia warmer white light is desirable which
means adding some red light to the blue plus yelombination. Unfortunately very few red
phosphor material are available for excitation gdue or near UV light and those that are

available have a low efficiency. Phosphors for LEghting are being produced. One of these
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phosphors is Cerium-doped yttrium aluminum galligannet (YAGG: Ce). It is a modified form
of the more traditional YAG:Ce. In YAG:Ce, 3lis often replaced with Gabecause of the
similarity in cation size and because the additioh G&" induces changes in the
photoluminescence (PL) spectra. Wu et al [14] shibthat increasing the amount of ¥an
YAG:Ce blue-shifts the emission due to lattice alisbns around the rare-earth ion and this
results are useful to the development of red phasplor solid state lighting devices such as the
LEDs. YAGG:Ce phosphors is normally obtained imaflhe powder form by being synthesized
by wet chemical methods such as co-precipitatiamt;gel, combustion and hydrothermal
methods. The yellow phosphor blue LED combinatmproduce white light has short comings
as mentioned earlier, it is difficult to obtain aifoerm emission of white light from this
combination. To overcome the weakness of usingurestof phosphor powders and LEDSs, thin
film phosphor has been used to convert primaryt lighm LEDs in LED-phosphor lighting. In
LED-phosphor lighting applications, phosphors ithan film form support better methods of
fabrication of white lighting system and can be eneonveniently integrated with LEDs and

arrays of LEDs than those of the powder type [1b,16

In preparation of thin films, Pulsed Laser DepaositiPLD) is one of the best preparation
techniques. The advantages of the PLD techniquedacthe following: PLD is a “pulsed”
process by which the number of particles arrivihghe substrate can be controlled precisely
with the number of pulses and the fluence. Theeefayer-by-layer growth can be achieved by
adjusting the number of arriving atoms to the numdifeatoms in a monolayer, and thus that
highly perfect surfaces and interfaces in sandwistems can be produced from a bulk target of
similar stoichiometry. The laser-target interactiorhich initiates the ablation process is

completely decoupled from other process parametach as background pressure, type of
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background gas and substrate temperature. Otheegg@arameters which have a significant
influence on the properties of laser ablated tilims include laser fluency, laser wavelength,

laser energy, shape of the laser pulse, numbeulség, repetition rate, laser type, etc.

1.1. Problem statement

Y3(Al,,Ga)O:2:Ce* (YAGG:Ce) has been extensively investigated in gemform. There is
however very limited reports in the literature oAGG:Ce thin films. There is only few reports
in literature on the elemental composition andcitmal analysis of PLD YAGG:Ce thin films.
The investigation on the influence of different PdBposition parameters on the properties of
YAGG:Ce thin films is crucial because YAGG:Ce filhave a potential to be applied in the

production of white LEDs that are bright enougtbéoused for home and office lighting.

1.2. Research objectives:

> To characterize the morphological and luminescenperties of YAGG:C¥ powder
phosphor.

» To prepare YAGG:C® thin films using the PLD technique.

» To study the changes in morphological and lumingspeoperties of the thin films with
change in PLD deposition parameters.

» To study the structural and morphological propsrtéthin films prepared by PLD using
XRD, AFM, SEM, AES and RBS.

» To study the luminescent properties of YAGG Tiin film prepared by PLD using PL.
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1.3. Thesis Layout

Chapter 2 provides an overview to phosphors and ltlasic principles as well as introduction to
the PLD technique. Chapter 3 is an overview ofdharacterization techniques. Morphological
and luminescent properties of;0&l,Ga)s012:Ce** phosphor in powder form are discussed in
Chapter 4. Chapter 5 and 6 addresses the effeddfefent atmospheric gastmospheres and
substrate temperature on the structure, morpholagyd PL properties of PLD

Y 5(Al,Ga)0:2:Ce* nano thin films. PL properties of3YAl, Ga)0;,:Ce® thin phosphor films
grown by PLD at various deposition parameters avestigated and summarized in Chapter 7.
Chapter 8 gives the summary of the thesis resdltsaggestions for future work. The last part of

the thesis gives a list of publications resultirani this work and the conferences presentations
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Chapter 2

Theory

2.1. Introduction to Phosphors

A phosphor is a material capable of absorbing gnargl re-emitting it in the form of light
(Ultra-Violet, Visible or Infra-Red) in a phenoman&nown as luminescence. Most phosphors
are usually made up of a host material (matrix) dadant. The host material is normally an
insulator or a semiconductor with a wide band gagiaserves to accommodate the dopant. The
host also controls some of the physical propemieshe phosphor. A dopant (usually a rare
earth) is added as an activator for luminescenceadivator is an impurity ion which is added
intentionally into the host material to give riseda center that can be excited to luminescence.
Dopants have a different electron orbital structoenpared to the host material. Therefore, in
regions of the host around the dopant ion, additi@nergy levels that can accommodate
electrons or holes become available. These lexe close to the conduction band, in which
case the dopant is called a donor, or close tovéhence band, in such case it is called an
acceptor. Transitions between these levels canrgieeo luminescence in such case the dopant
is known as an activator. In most cases, the dotivés present in extremely small
concentrations, ranging from as much as one dagant in 5000 host atoms down to as little as
one dopant atom in 1 million host atoms. Luminesees defined as the radiation emitted by a
molecule, or an atom, after it had absorbed en&ryggo to an excited state. If the absorbed
energy or source of excitation is in the form ofphoton then the process is known as

photoluminescence.
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2.2. Photoluminescence

Absorption of an ultraviolet or visible photon protes a valence electron from its ground state
to an excited state with conservation of the etectspin. For example, a pair of electrons
occupying the same electronic ground state havesigpspins (Figure 2.1(a)) and are said to be
in a singlet spin state. Absorbing a photon promotge of the electrons to a singlet excited state

(figure 2.1(b)).

] T T
| | |

Singlet Singlet Triplet
ground state excited state excited state

(a) (b) (c)

Figure 2.1: The ground and excited state of a molate [1]

This phenomenon is called “excitation”. In a teiplstate however, the excited electron is no
longer paired with the ground state electron, they have the same spin. Since excitation to a
triplet state involves an additional spin trangitid is more probable that an excited singlet will
form upon absorption of a photon. The excited state not stable and will not stay indefinitely.
At some random moment, a molecule in the excitate still spontaneously return to the ground
state. This return process is called decay, destadiv or relaxation. The energy absorbed during
the excitation process can be released duringefagation in the form of a photon. This type of
relaxation is called emission and it can be divid®@d two emission types: Flourescence and

Phosphorescence (see section 2.2.1.2 and2.2.1.3).
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A molecule in the excited state can decay or relareseveral ways. If the molecule initially
occupies the lowest vibrational energy level of atectronic ground state. The ground state,
which is shown in figure 2.2, is a singlet statbeled . Absorption of a photon of correct
energy excites the molecule to one of several tidmmal energy levels in the first excited
electronic state$;, or the second electronic excited statg,#®th of which are singlet states.
Relaxation to the ground state from these excitats occurs by a number of mechanisms that
are either radiationless, in that no photons arétedn or involve the emission of a photon.

These relaxation mechanisms are shown in figure 2.2

Singlet excited states Triplet excited state
2 Radiationless transitions
S *———=""(vibrational relaxation)

¥

- \

. /\/ N Intersystem
Internal /! 1 crossing
conversion ¥
Si v
T
Energy
Absorption
Flul
‘/ Y
¥ v Y
¥ v ¥
So s v 7y
Ground: y ¥ i
State vibrational relaxation

Figure 2.2:Partial energy diagram for a photoluminescence systn (Jablonski

diagram) [2]
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2.2.1. Mechanism taking place in Photoluminescence

2.2.1.1 Radiationless transitions

One form of radiationless transitions is vibratibredaxation in which a molecule in an excited
vibrational energy level loses energy as it moweea tower vibrational energy level in the same
electronic state. Vibrational relaxation is veryith with the molecule’s average lifetime in an
excited vibrational energy level being #bto 10 [3]. Because if this, molecules that are
excited to different vibrational energy levels bétsame excited electronic state quickly return to
the lowest vibrational energy level of the sameitedcstate. Another form of radiationless
relaxation is internal conversipin which a molecule in the ground vibrational lewdl an
excited electronic state passes directly into @ hidprational energy level of a lower energy
electronic state of the same spin state [4]. Fang{e transitions from,80 § (See figure 2.2).
Therefore a molecule in an excited electronic Stag return or relaxes to the ground electronic

state without emitting a photon by undergoing inéiconversions and vibrational relaxations.

A final form of radiationless relaxation is an irggstem crossingn which a molecule in the
ground vibrational energy level of an excited eleuic state passes into a high vibrational
energy level of a lower energy electronic energyestvith a different spin state. For example,

transitions from $to T; as shown in figure 2.2 [4].

2.2.1.2 Fluorescence

Fluorescence occurs when a molecule in the lowdsttonal energy level of an excited
electronic state returns to a lower energy eleatretate by emitting a photon. Since molecules
return to their ground state by the fastest medmaniluorescence is only observed if it is a more

efficient means of relaxation than the combinatwh internal conversion and vibrational
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relaxation. Fluorescence emission of photons stopsediately when excitation is cut off. Also
in fluorescence there are no traps but many lumerd@scentersTo summarize, the process of
fluorescence consist of photon absorption by a outdeto go to an excited singlet state,
relaxation from higher vibrational levels of thaate to its lowest vibrational level, photon
emission to a vibrationally exited level of the gnd state, and again relaxation of the molecule
to the lowest vibrational level of the ground staf@e lifetime of an excited singlet state is
approximately 18 to 10° sec and therefore the decay time of fluorescenoé tise same order

of magnitude [3].

2.2.1.3. Phosphorescence

Although population of triplet states by direct aftion from the ground state is highly
unlikely, a more efficient process exists for patign of triplet states from the lowest excited
singlet state in many molecules. This processfesned to as intersystem crossing, and is a spin-
dependent internal conversion process. The mechariis intersystem crossing involve
vibrational transitions between the excited singlgite and a triplet state. This are transitions
from § to T; as shown in figure 2.2. Once intersystem crossiag) occurred the molecule
undergoes the usual internal conversion procestesyibed in section 2.2.1.1 and falls to the
lowest vibrational level of the triplet state. Adrative transition between the lowest triplet state
and the ground state then takes place. This emissiocalled phosphorescence [4]. As
phosphorescence originates from the lowest trgikge, it will have a decay time approximately
equal to the lifetime of the triplet state (1@ 10 sec or more). Therefore phosphorescence is

often characterized by an afterglow which is naesled in fluorescence.
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2.2.2 Excitation and Emission Spectra

Photoluminescence spectra are recorded by meastimngitensity of emitted radiation as a
function of either the excitation wavelength or tbmission wavelength. In an excitation
spectrum the emission light is held at a constaatelength, and the excitation light is scanned
through many different wavelengths (via a monochatar). In an emission spectrum a fixed
wavelength is used to excite the molecules, andntieasity of emitted radiation is monitored as

a function of wavelength.

2.3 Other types of Luminescence
Cathodoluminescence

Is a phenomenon where electrons impacting on ankescent material such as a phosphor, cause
the emission of photons which may have wavelengthghe visible spectrum. A familiar
example is the generation of light by an electre@rb scanning the phosphor-coated inner
surface of the screen of a television that useatl@ode ray tube. Cathodoluminescence is the
inverse of the photoelectric effect in which elentremission is induced by irradiation with
photons.

Electroluminescence:

Is an optical phenomenon and electrical phenomenarhich a material emits light in response
to the passage of an electric current or to a gtedectric field.

Thermoluminescence:

Is a form of luminescence that is exhibited by aertcrystalline materials, such as some
minerals, when previously absorbed energy fromteletagnetic radiation or other ionizing

radiation is re-emitted as light upon heating &f thaterial.
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Bioluminescence:

Is the production and emission of light by a liviekganism. Bioluminescence occurs widely in
marine vertebrates and invertebrates, as well asome fungi, microorganisms and terrestrial
invertebrates.

Electrochemiluminescence:

Is a kind of luminescence produced during electeoabal reactions in solutions.
Mechanoluminescence:

Is light emission resulting from any mechanicali@cton a solid. It can be produced through
ultrasound, or through other means.

Radioluminescence:

Is the phenomenon by which light is produced in aemal by bombardment with ionizing

radiation such as beta particles.

2.4. Phosphors for LEDs

Most phosphors have been developed for use witbrdicent tubes or Compact florescence
lamps (CFLs) that emit UV radiation, and henceythave not been optimized for use with
LEDs emitting in the visible spectrum [5]. The fisommercially available white LED was
based on an InGaN chip emitting blue light at a el@wvgth of 460 nm that was coated with a
Y3Als012:Ce (YAG:Ce) phosphor layer that converted some oftthuee light into yellow light
[6]. Both the chip and the phosphor are nontoxicthe white LED is not toxic (unlike CFLS).

The blue LED plus yellow phosphor combination jogtlined gives a cool white light.
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2.4.1. Solid-State Lighting and LEDs

This next generation of home and office lightindl wimost certainly be inorganic LEDs. LEDs
are semiconductors in which the light emission corfiem a very thin crystalline layer
composed of typically two, three, or four elemesush as indium gallium nitride (InGaN). This
very thin layer, typically only about five atomiaylers, or 2 nm, thick, is called a quantum well.
The quantum well of InGaN is sandwiched betweentticker layers of gallium nitride (GaN),
one of which, calleah-type GaN, is rich in negatively charged particteied electrons, and the
other, callechb-type GaN, is rich in positively charged partictadled holes. When a voltage, for
example, from a battery, is applied across the wahg electrons are injected into the InGaN
guantum well from the@-type GaN, and holes are injected from phiype GaN. These electrons
and holes exist in the InGaN at different energiele separated by an energy bandgap. When
the electrons and holes subsequently meet and #eenthe energy released is given out as
light, and the wavelength of the light emitted gaiwalent to the bandgap energy. This results in
the emission of light of a single color, such a$ oe green or blue, called monochromatic light.
This color can be changed by varying the compasitibthe InGaN quantum well and also by
changing the thickness of the quantum well. Scs¢ntare therefore able to make an LED emit
light of any desired color. This tailor-made ligigihas become possible only recently because

of some fundamental advances in materials sciemzkjt is revolutionizing the field of lighting

[5].

2.4.2 Phosphors for LED-based Lighting
Recently attention has been paid on YAG:Ce beciduse be applied to white LEDs as yellow
emission phosphors. The €don is responsible for nanosecond decay times amndhtense

yellow-green emission wavelength [7]. Trivalent @ams have been substituted for Al atoms in
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order to blue-shift the emission wavelength for usesolid-state light applications such as
fabrication of white LEDs. The most common methogtoduce white light with LEDs is the
combination of blue InGaN-GaN LEDs with the yell@mitting YAG:Ce phosphor. With a
LED emission wavelength of 440 — 470 nm a fractiérthe LED emission is absorbed by the
YAG:Ce phosphor and down-converted to the well-knolroad yellow emission of the
phosphor. YAG:Ce absorbs blue LED radiation throtiyh allowed 4f — 5d' transition and
emits yellow light via the reverse 5é» 4f" transition. The emission from the lowest exciteld 5
level is to the spin—orbit split 4iground states, leading to an extremely broad émnissand.
Not converted blue LED light and the yellow emissare mixed by the phosphor powder layer
to obtain white light in a wide range of correlatador temperatures (CCT) from 4000 — 8000 K
[8]. This enables LEDs to be used in many appliceti where color quality is not a key
requirement, including backlights for portable disys, indicators, bicycle lights, in large display
screens, as the interior lighting in cars, busesnd, and planes; or as the exterior lighting on
buildings. Besides being applied in solid statétiigg application, YAG:Ce can also be applied
in scintillators and as a thermographic phosphd@R) for use in non-contact thermometers [9-

12].

2.5. Ya(Al,Ga)s01,:Ce* (YAGG:Ce) phosphor

Cerium-doped yttrium aluminum gallium garnet 3(X,Ga)sO:2Ce*/YAGG:Ce) powder
phosphor is a modified form of the more traditiongttrium aluminum garnet
(Y3Al5012:Ce/YAG:Ce) phosphor. In YAG, 3.75 atoms of Ga aressiniited with 1.25 atoms
of Al on average for YAGG:Ce. YAG:Ce is used in el applications such as solid-state
lighting, displays, scintillators, and thermograpiphosphors (TGP )[13]. YAG is transparent

and colorless in the visible range. YAG's opticahtigap is in the order of 6.6 eV, with the
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valence band comprised of filled oxygen 2p orbjtalsd the conduction band comprised of
empty yttrium 4d orbitals. The UV absorption betwed0 nm and the band edge at 190 nm
varies dramatically from crystal to crystal [14]A®:Ce** mainly belongs to the luminescent
materials with individual luminescent centers. T&" ion has only one electron in the 4f state.
The ground state is split into%&s, and a’F, level by the spin-orbit interactions. The first
excited state originates from the 5d state, whitlracts strongly with the host lattice due to the
large spatial extent of the 5d wave function. Tthescrystal-field interaction dominates over the
spin-orbit interaction and the 4f to 5d transitiame parity and spin allowed [15]. When a*Ce
ion enters exclusively one specific lattice sites, bd state will be split into 2-5 different
components depending on the site symmetry [16].5THestate may also split into several more
components if present in more than one latticetjpwsivith different site symmetry. Gedoped
phosphors typically have two emission bands duthéotrue levels ofFs, and Fy, of the 4f
configuration of C& [17,18]. Coetsee et. al. [19] found that the cathachinescent (CL) and
PL emission spectra for,%iOs:Ce** phosphor powder due to theiens were attributed to the
two different sites (A1 and A2) of the Eeion in the host matrix and the difference in the
orientation of the neighbor ions in the complexstay structure. Each &esite gave rise to
transitions from the 5d to the two (therefore tweaks) 4f energy level$Hs, and?F, due to
crystal field splitting). For the understandingtbé lanthanide fd structure, knowledge about the
excitation spectrum of the &eion in a certain host lattice is very importanheTCé&" ion has
the 4f configuration, and irradiation with UV radiationillwexcite this 4f electron into a 5d
orbital, leaving the 4f shell empty. Therefore, theitation spectrum of Gewill give direct
information on the crystal-field splitting of thed Sorbitals. A similar crystal-field splitting is

expected for all rare-earth ions in the same taiité. The crystal-field splitting of the 5d state
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dominates the structure in the fd excitation sgeatven in the more complex rare-earth ions

with more than one 4f electron cases [20].

As stated earlier, YAGG:Ce is a modified form oé tlmore traditional YAG:Ce where Ga ions
are substituted for some Al ions. YAG has a stremgssion wavelength at around 540 nm [21]
but YAGG:Ce has a strong emission at around 512#handthis is due to the presence of
gallium in the YAG matrix which shifts the peak pgass to lower diffractions angles because
of the difference in radius size of Al and Ga io@s. ion is larger than Al ion by about 20.5 % in
the tetrahedral sites and 17 % in the octahedes §3]. The addition of Ga ion into the YAG
structure is influential on the environment of Be*. Ultimately, the substitution of Ga into the
YAG lattice result in a decompression of oxygenmatadirectly coordinated to the Eeatom

and the structure becomes more cubic. This chang#&ucture directly affect the 5d orbitals of

the C&" and likewise the photoluminescent characteristics.
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2.5.1 The crystal structure of B(Al,Ga)s012:Ce** (YAGG:Ce) phosphor

Figure 2.3: The relative arrangement of Y, O, Al ad Ga in Y3(Al,Ga)s012:Ce®* [24]

The schematics of the relative arrangement of YACgnd Ga were drawn using the diamond
crystal software [24] and are shown in figure ZBe Y/Ce ions are surrounded by*Qons in
the dodecahedral arrangement. Th& Ahd G&" are surrounded by°Oions in a tetrahedral and

octahedral arrangement.
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2.6. PLD and thin film growth

It has been shown that YAGG:Ce has characterigiat are suitable for this phosphor to be
applied for the fabrication of LEDs [25]. Howevar literature YAGG:Ce has been studied
rather extensively in the powder form but not socimin the thin film form. Particularly thin
films that have been prepared by the pulsed lasgogition (PLD) technique did not gain much
attention in the past. Thin films offers severavattages due to their good luminescence
characteristics, higher image resolution from sngadins, better thermal stability and good

adhesion to the substrate [26].

PLD is a well-known fast and effective techniquegtow phosphor thin films. However the
intensity is still the problem due to particle fation. One of the solutions to the particle
formation problem is optimization of the laser pes parameters such as the background gas
pressure (oxygen), laser fluence, laser pulse &ecy number of pulses, substrate temperature
and the target to substrate distance. Surface rotogy and thickness can be controlled by
varying the growth parameters [27, 28]. The lumbeas intensity of phosphor thin films can
strongly depend on the surface morphology. A rougheface would increase the intensity due

to a lesser effect of total internal reflectiomd@mpared to a smooth thin film surface [29].

2.7. Advantages of the PLD:
Compared to other thin film growth techniques, Bi® has the following advantages.
> It is a versatile technique. A wide range of maiterisuch as oxides, metal,
semiconductors and even polymers can be grown By PL
» It has the ability to maintain target compositionthe deposited thin films, keeping
the stoichiometry of the target.

> Deposition can occur in both inert and reactivekgamund gasses.
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2.8. Disadvantages of the PLD:
» The generation of particulates during the depasipicocess, which are not ideal for the
application field.
» The non-uniform layer thickness.

» The ablation plume cross section is generally sarall this limits the sample size.

2.9. Influence of PLD parameters on the growth ofxade thin films

Pulsed laser deposition (PLD) is one of the mostelyi used growth techniques for oxide thin
films. In 1987, Dijkkamp et al. showed that the gasition of the PLD-grown YB&£u;O; oxide
films was close to that of the bulk target.[30].cRetly complex oxide such as fa,Fe ;0
have been grown using PLD [31]. The stoichiometeimoval of material from a solid target is
the single most important factor in the successPbD. PLD parameters such as fluency,
background gas and substrate temperature are kestdichiometric removal and transfer and
can be used to control the stoichiometry. The fag#id interaction mechanisms may depend on
the laser wavelength. The most importaffect of the laser’'s wavelength is its determioatof

the penetration depth. Most of the energy shouldtmsorbed in a very shallow layer near the
surface of the target to avoid subsurface boilagich can lead to a large number of particulates
at the film surface. Lasers with long pulse duratiave a strong interaction with the plume. This
result in films ablated with long pulsed duratidfrf 248 nm,=~25 ns pulse duration) being
superior compared to those ablated with a relatigkbrter pulsed duration interaction (Nd:YAG

266 nm~ 5 ns pulse duration) with the plume [32].
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2.9.1. Fluence

In PLD, fluence is the parameter that controlseéhergy of the laser as well as the spot of the
laser on the target sample. Particles’ number tdem®pends on the fluency. The particle
number density increases with increasing fluena @decrease again at higher fluence which
shows saturation. There is however a thresholdhathwbelow it the particles are barely visible.
For example the threshold for YBCO is about 0.9n3Avhen a XeCL 308 nm excimer laser with
20 ns pulses is used [33]. Crystalline qualityre films improves with increasing fluence. The
increased energy cause an increase in plasma ylemgit enhancement of mobility of the
deposited atoms on substrate surface and thist rieslletter orientation and thus improved
crystalinity [34]. The improvement of crystallizati with increased laser fluence was also

showed by Fangt al. [35].

2.9.2. Background gas

The background gas determines the mean free pagthlethe kinetic energy, the time the
particles takes inside the plume and ultimately sihee of the particles adhering onto the
substrate[36]. At a pressure of the order of 1 mTtbe mean free path length is approximately 5
cm. At a higher pressure of about 100 mTorr thén perigth becomes 0.05 cm. The increased
collisions decreases the kinetic energies of théiges, slowing them down, increasing their
stay time in the plume as they move slower and ghiss them enough time to nucleate and
grow into bigger nano-particles. An increase ind¢hs pressure would then increase the particle
sizes as a result of increased collisions betwkergas particles and the particles in the plume
[37, 38, 39]. Scharf and Krebs [38] studied thduemce of inert gas pressure on deposition rate
during PLD. They reported that under ultrahigh wanu resputtering from the film surface

occurs due to the presence of energetic particlethe plasma plume. With increasing gas
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pressure, a reduction of the particle energy i®mpanied with a decrease of resputtering and a
rise in the deposition rate. At higher gas pressuseattering of ablated material out of the
deposition path between target and substrate wasnadd, and this lead to a decrease in the
deposition rate. The maximum deposition rate wasiobd in a He pressure of about 300

mTorr.

2.9.3. Substrate temperature

The substrate temperature also plays a significalet during PLD and influences the kinetic
energies of the particles once on the substrataciwhich leads to better crystalinity. Kagtg
al. [40] and Chcet al. [41] reported this during investigating the effe€ substrate temperature
on structural, optical and electrical propertiesZofO thin films deposited by PLD and the
investigation of optical properties of sol-gel ded Y,Os:EU** thin film phosphors for display
applications respectively. The substrate tempezatot only affects the crystallinity but it can
also influence the thin film composition. XRD resubbtained by Kangt al. [40] showed a
constraint in the growth of the crystal due to lat@mic mobility at a deposited temperature of
100 °C. An increase to 500 °C supplied the atomshensubstrate surface with more thermal
energy and thus increased their surface mobiliag tbad to better crystallization. However at
too high temperatures such as 700 °C, decreabe iorystallinity of the thin films was observed

and it was due to desorption and dissociationahat
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Chapter 3

Research Techniques

3.1. Introduction

A brief account of all the main techniques usedjiigen in this chapter. The commercially
obtained ¥(Al,Ga)s012:Ce* phosphor powder was first characterized. Pulasdrldeposition
(PLD) was then used to prepare and deposit thefilmis of the phosphor. The films were
deposited at different conditions and parametersigdPLD. Various techniques were then used
to analyse and characterize the films and the pov@tanning Electron Microscopy (SEM) and
Atomic Force Microscopy (AFM) were used for strueiuand topographical analysis. X-ray
Diffraction (XRD) was used for structural propesti€hotoluminescence spectroscopy (PL) was
used to investigate the luminescence propertiegeAtlectron Spectroscopy (AES) was used

for elemental composition analysis.

3.2. X-RAY DIFFRACTION (XRD)

In XRD, x-rays primarily interact with electrons atoms. When a beam of monochromatic X-
rays strikes a crystal, the X-rays interact witkd ane scattered by the atoms in each plane. If the
path difference for X-rays reflected by succesgilaes is a whole number of wavelengths, the
X-rays will interfere constructively to produce @osg reflected beam otherwise distractive
interference will take place. Bragg's law is theisaof XRD analysis. According to Bragg’s law,

if the spacing between the reflecting planesl mnd the glancing angle of the incident X-ray
beam i then the path difference of the X-rays reflectgdibccessive planes isl 8in 6. Hence

the condition for diffraction isi. = 2d sin6, wheren is an integer andl is the wavelength of the
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X-ray. If the atoms are arranged in a periodic i@shas in crystals, the diffracted X-rays will
consist of sharp interference maxima (peaks) withdame symmetry as in the distribution of
atoms. Therefore from the diffraction pattern thstribution of atoms in a material can be
deduced. X-Ray Diffraction (XRD) data in this studyas collected by using a D5000
diffractometer using Cui radiation ofA = 1.5405 nm in the®range from 10° — 66°, with a

counting time of 2 s for each step size of 0.0302°.

Figure 3.1: The XRD system (D5000 diffractometer) at the University of the Free State,
Bloemfontein, South Africa. The zoomed part shows the X-ray source (1), the : sample
holder (2) and the detector (3).

3.3. SCANNING ELECTRON MICROSCOPY (SEM)

Scanning electron microscopy (SEM) is a methodigh-resolution imaging of surfaces. It uses

a beam of high-energy electrons (typical range5ke¥) to generate variety of signals at the
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surface of solid specimens. These signals deriveth felectron-sample interactions reveal
information about the sample including external phalogy and orientation of materials making
up the sample. The electron beam is produced abghef the microscope by an electron gun. It
then follows a vertical path through the microscophkich is held within a vacuum. The beam
travels through electromagnetic fields and lensdsich focus the beam down toward the
sample. The electron beam is scanned over the eaifip¢ incident electrons cause electrons to
be emitted from the sample, the interaction hapmendllustrated in figure 3.2. Around the
sample, detectors sense the different signals geteby the electron beam. The most important
signals that are detected and analyzed by compgofewvare are secondary and backscattered
electrons. Secondary electrons give topographitrasty which is topographic information about
the surface of the sample. Backscattered electgwess compositional contrast, which is
information about the composition of the sampleavier elements appear brighter on the image
on the screen. In most applications, data are aelieover a selected area of the surface of the
sample, and a 2-dimensional image is generated disgiays spatial variations in these
properties. Areas ranging from approximately 1 enbtmicrons in width can be imaged in a
scanning mode using conventional SEM techniquesgiifiaation ranging from 20X to
approximately 30,000X, spatial resolution of 50 #00 nm). The SEM is also capable of
performing analyses of selected point locationshensample; this approach is especially useful
in qualitatively or semi-quantitatively determiniehemical compositions, crystalline structure,
and crystal orientations. SEM images of the powdere captured using a Shimadzu Superscan

SSX-500 SEM system.
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Figure 3.2: Electron-sample interaction [1].

3.4. ATOMIC FORCE MICROSCOPY (AFM)

Atomic Force Microscopy (AFM) is a form of scannipgbe microscopy (SPM). It uses a small

probe that is scanned across the sample to obtBormiation about the sample’s surface. The
information gathered from the interaction of theolgr with the surface can be physical

topography or measurements of the material’s phljsisagnetic, or chemical properties. These
data are collected as the probe is scanned intex @attern across the sample to form a map of

the measured property relative to the X-Y position.

The AFM probe has a very sharp tip, often less thdmm diameter, at the end of a small
cantilever beam. The probe is attached to a piezt@ scanner tube, which scans the probe
across a selected area of the sample surfaceatomeic forces between the probe tip and the
sample surface cause the cantilever to deflecthassample’s surface topography (or other
properties) changes. A laser light is focused enbifick of the cantilever and the position of the
reflected beam is monitored by a position sensitie¢ector (PSD). The PSD measures the

position of the laser light spot in 2-dimensionseaogensor surface. The information is fed back
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to a computer, which generates a map of topographyor other properties of interest. Areas as
large as about 100m square to less than 100 nm square can be imayetihe AFM operates
in three modes, the contact, non-contact and tgppiode [3]. AFM was used to obtain
micrographs of the surface using the Shimadzu SPBBGO model. The root mean square

(RMS) values were obtained with the commercialvgafe coming with the AFM system.

3.5. PHOTOLUMINESCENSE SPECTROSCOPY (PL)

Photoluminescence spectroscopy (PL) is a contactlesndestructive method of physically
exploring the electronic structure of materialssdurce of excitation is directed onto a sample
(the source of excitation can be the UV light, &t beam or laser), where it is absorbed and
imparts excess energy into the material. In a acds®lV light the process igalled photo-
excitation. One way this excess energy can bepdis=il by the sample is through the emission
of light, or luminescence. In the case of photoHexion, this luminescence is called
photoluminescence. The intensity and spectral conté this photoluminescence is a direct
measure of various important material propertigtéexcitation causes electrons within the
material to move into permissible excited stateReWthese electrons return to their equilibrium
states, the excess energy is released and maganttia emission of light (a radiative process) or
may not (a non-radiative process). The energy @tthitted light (photoluminescence) relates to
the difference in energy levels between the twotsda states involved in the transition between
the excited state and the equilibrium state. Thantity of the emitted light is related to the
relative contribution of the radiative process. éXcitation and emission spectra were recorded
using a Cary Eclipse fluorescence spectrophotonistedel: LS 55) at room temperature using
a 140 W monochromatized Xenon flash lamp as antaam source. The slit (aperture) used

between the lamp and the sample was adjust in awely that a large part of the sample was
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exposed to the excitation beam to make sure aragee¥mission intensity was obtained over a

large area.

3.6. AUGER ELECTRON SPECTROSCOPY (AES)

Auger Electron Spectroscopy (AES, Auger) is a sifsensitive analytical technique that
utilizes a high energy electron beam as an exaitafource. Auger Electron Spectroscopy
provides information about the chemical compositadrthe outermost material comprising a
solid surface or interface. The principal advansageAES over other surface analysis methods
are excellent spatial resolution (<pin), surface sensitivity~¢0 A), and detection of light
elements. AES uses a primary electron beam (0(bke¥) to excite the sample surface. During
the Auger process, the high-energy primary elechitgrand ejects a core level electron leading
to an ionized atom. For this atom to reorganizelfit® a lower energy state, an electron from the
higher level will drop to the lower level to filhé vacancy caused by the ejected electron. The
excess energy released in this transition is eghgtted as a photon or given to another electron
in the higher level. If the energy is sufficierttjst electron can be ejected from the surface and
detected as an Auger secondary electron. Due tcspkeific energy levels involved in the
transition and the energy of the detected Augestre, the atom from which the electron was
ejected can be identified. With the use of an ipoaated ion gun into the vacuum system, AES
can also be utilized for depth profiling. As thenigun etches away the material, the electron
probe focused on the same spot can give informatbiaut the changes in element concentration

with sputter depth.

AES’s depth profiles and AES survey test of thdfazig before and after depth profile where

performed using a PHI 700 Scanning Auger NanopralisS surveys were done with a 25 kV
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10 nA electron beam. Depth profiles were sputtevet a 2 kV, 2 pA ion beam, at 1x1 mm

raster area with sputter rate of 27 nm per min.

3.7. RUTHERFORD BACKSCATTERING SPECTROSCOPY (RBS)

Rutherford Backscattering Spectroscopy (RBS) isidely used nuclear method for the near
surface layer analysis of solids. A target is bordbd with Hé ions at an energy in the MeV-
range (typically 0.5 — 4 MeV), and the energy & Hackscattered projectiles is recorded with an
energy sensitive detector, typically a solid stitector. The energy detected is characteristic of
the mass and depth of the target atom. RBS alldwes quantitative determination of the

composition of a material and depth profiling afividual elements.

RBS was used to collect composition and thicknefsmation of the thin films. The films were

irradiated with 2 Me Heions.

3.8. PULSED LASER DEPOSITION (PLD) TECHNIQUE

Laser beam

Port with
quartz window

Target
carrousel Heatable

sample stage
)

Substrate

1

— [ \

Laser plume

Rotating target Vacuum chamber

Figure 3.3: Schematic diagram for the PLD set up ahprocess. [4]
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The main idea behind the PLD technique is to udeesufrom a high-power laser, e.g., Nd:
YAG, an excimer or another similar laser, in ortteevaporate a small amount of matter from a
solid target. Figure 3.3 shows a schematic diadoarthe PLD process. The laser is focused and
absorbed at the target surface in a small volumgupersonic jet of particles is ejected normal to
the surface of the target. The cloud of partichentabsorbs a large amount of the energy from
the laser beam producing an expansion of hot plasnpume through the deposition chamber.
Then these ablated species condense on the saljgaiaéd opposite to the target forming a thin
film. The films can be produced in high vacuum, Iypically the films are produced in a
reactive background gas, such as oxygen (usech&prtoduction of oxide films) or nitrogen
(used for nitride films). Also an inactive backgnolugas such as argon is frequently used. In
actuality the interaction of the laser beam wité thrget surface and the growth of the film are

far more complicated processes than what is exgdia@tbove. In fact the principle of PLD is a

very complex physical phenomenon despite the saitplof the basic setup of the PLD system.

Below, a general overview of the different procties takes place during PLD is discussed.

The process of PLD can generally be categorized mthe following stages:

3.8.1. Interaction of the laser with the target magrial and the ablation of the plasma plume
The laser light is absorbed in the solid materald atoms as well as ions and electrons are
ejected from the solid material. The magnitude e gblation yield is determined by the
cohesive energy, i.e. the energy required to relems atom from a solid. The laser—solid
interaction mechanisms may depend on the laserlerayth. The most important effect of the
laser's wavelength is its determination of the pexte®n depth. Most of the energy should be
absorbed in a very shallow layer near the surfd¢beosolid to avoid subsurface boiling, which

can lead to a large number of particulates atithedurface. The cloud of particles then absorbs
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a large amount of the energy from the laser beamdywming an expansion of hot plasma or
plume through the deposition chamber. The plumeuedp away from the solid target much like
the rocket exhaust from jet nozzles, with strondgbyward-directed supersonic velocity

distribution. The plume consists of several typeparticles: neutral atoms, electrons, ions and

even clusters of different compounds of the taef@ients

3.8.2. The plasma plume dynamics

The film growth can be done with the chamber inwew or in the presence of a background
gas. In case of a background gas present in thealwdra the initial high pressure drives the
ablation plume towards the background gas whick agta piston. The plume slows down and is
confined in the background gas. Eventually, thenataliffuse out of the plume and migrate to

the substrate or the chamber walls [5-8]. The roa#ige plume is important for the propagation

dynamics. The total mass of the plume plays afig¢he slowing-down of the plume, but the
individual masses from a multicomponent plume onflpence the behavior as a part of the total
plume. The mass density of the displaced gas isn@ortant parameter as well [9, 10]. The
angular distribution of the plume atoms is influeddy the mass density of the background gas
as well. For heavy gases the broadening of the langlistribution occurs at a much lower
pressure than for light gases [6, 11]. This reflebe fact that light atoms in a heavy gas are
scattered much more than heavy atoms in a heavyitgaggenerally assumed that some degree
of thermalization (i.e. having equal lateral andwfard velocities) needs to occur in order to
obtain good film growth and to avoid re-sputteriofgthe growing film by the most energetic
ions in the plume [12]. This is the reason why ekigegound gas is always preferred over vacuum

condition in the chamber.
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3.8.3. Deposition, nucleation and growth of the fih on the substrate surface:

The growth of a film on a substrate surface igself a very complicated process [13]. Arriving
atoms (or molecules) may stick to the surface atpbint of impact, but atoms from a laser
ablation plume typically possess sufficient kinetieergy to diffuse some distance on the surface,
until stable, energetically favorable bonds with tther film atoms or substrate atoms have been
established. A necessary condition for stoichioyngtrthe film is that atoms of all components
are available in the desirable ratio at the gropamts. The primary processes which take place
on a microscopic scale are (i) atom/ion reflectoonthe surface, (ii) sputtering of film atoms by
the ablated atoms and (iii) implantation of arriyi@moms. Sputtering of the growing film leads to
an enrichment of the least volatile component (oftee heaviest component) in the film.

Sputtering by and implantation of the plume atomisally lead to an enrichment of the heaviest

atoms at the surfactherefore the bombardment of the surface by ablaies can radically
change the stoichiometryOne parameter is the laser fluence, by which thergies of the
ablated particles are controlled. The effects dfecdion, sputtering and implantation can be
reduced at the moderate fluence which actuallynoseused in PLD thus leading to the same

stoichiometry between the films and the target.

An Nd:YAG 266 nm laser was used in this study tpast the phosphor target. The laser
fluency was kept at 0.78 J/émwith a 10 Hz frequency for all the depositions.ic®ih (100)
wafers were used as substrates. They were cutappooximately 2 cm by 2 cm pieces and
cleaned in an acetone ultrasonic bath for 15 msmukbe phosphor target and one silicon piece
at a time were inserted into the PLD chamber. Binget to substrate distance was kept at 6 cm.
To investigate the effect of the number of pulsesmf the laser on the growth of the

Y 5(Al,Ga)0:,:Ce* films, the chamber was backfilled with, Ogas at 10 mtorr pressure and
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ablation was done while the number of pulses froenNid:YAG laser was varied from 10 000,
20 000 and 40 000 pulses with the substrate teryver&ept constant at 300°C. Then to
investigate the effect of substrate temperatuentimber of pulses were kept constant at 20 000
pulses and the ablation was done at the subs&aiperatures of 22°C (Room Temperature)
100°C, 300°C and 500°C for chamber atmospheresOomtorr Q and Ar, respectively. For the
investigation of the effects of PLD chamber atniesps, the substrate temperature and the
number of pulses were kept constant at 300°C arf@DRQulses respectively. Ablation was first
done in the chamber with a vacuum pressure &f hBar, then in @and Ar atmospheres at

pressures of 5, 10 and 20 mtorr, respectively @bh lgases.

Figure3.4: The Pulsed Laser Deposition (PLD) Machia at the National Laser Centre
(NLC, CSIR), Pretoria, South Africa.
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Chapter 4

Morphological and luminescent properties of
Y 3(Al,Ga)s01,:Ce** powder phosphor.

4.1. Introduction

Cerium-doped yttrium aluminum garnet $Ms0:2:Ce" or YAG:Ce) is used in several
applications such as solid state lighting and digpnl The C¥& ion is responsible for a
nanosecond decay time and an intense emissiowiaibée wavelength range. Most phosphors
have been developed for the use in fluorescensstob&ompact fluorescent lamps (CFLs) that
use UV radiation, but yet they have not been optahifor the use in light emitting diodes
(LEDs) that emit in the visible spectrum range. Tinst basic commercially available white
LED is based on an InGaN chip emitting blue ligh& avavelength of 460 nm that is coated with
a YAG:Ce phosphor layer that converted some ofble light into yellow light which is
combined to a rather cool white light [1]. Thisggod for many applications (e.g., displays and
lighting in cars), but the quality of light is ngbod enough for home lighting, for which a
warmer white light containing some red light is idesle. Some of the Al in the YAG:Ge is
often replaced with Gato form Ys(Al,Ga)s0:2Ce" due to the similarity in cation size to get
the red light component in LEDs [2]. Knowing proipes of this phosphor in detail could lead to
the application of this phosphor in manufacturirid-BDs for home lighting. In this work the

Y 3(AlGa)s012:Ce** powder phosphor is characterized with differenhteques.
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4.2. Experimental

In this study a commercial 3fAl, Ga)sO.,:Ce”* powder phosphor was obtained from Phosphor
Technology with CIE coordinates: (x= 0.306, y=0.pR3]. By using X-ray Diffraction (XRD)
the powder was characterized for its phase puritg arystalinity. The D5000 X-ray
diffractometer was used to carry out the XRD analyScanning electron microscope (SEM)
images of the powder were captured using a Shim&igerscan SSX-500 SEM system.
Photoluminescence (PL) properties of the phospherewecorded using the Carry eclipse
spectrophotometer at room temperature with a mawoochtized Xenon flash lamp as an
excitation source. The UV-VUV excitation and emissspectra of the Y(Al,Ga)sO.»:Ce’* were
recorded between 100 to 330 nm and 252 nm, respBctby using the UV-VUV synchrotron
radiation facility at the SUPERLUMI beamline | of ASYLAB (Hamburger Synchrotron
strahlungslabor) at DESY (Deutsches Elektronen-Biyotocon, Hamburg, Germany) [4]. The
spectra were recorded at room temperature. Thep sminsisted of a 2-m McPherson type
primary (excitation) monochromator with a resolatigp to 0.02 nm. The UV-VUV excitation
spectra were corrected for the variation in thadect flux of the excitation beam using the

excitation spectrum of sodium salicylate as a sieshd

4.3. Results

The XRD pattern of ¥Al,Ga)0:2:Ce* reveals a cubic polycrystalline phase with thermai

peak centered at92= 32.9°. The pattern corresponds to the cubic @laghe reference data

ICSD No 029250. Using Scherrer’s equation and tR®>peaks, the average crystal size of the

phosphor was estimated to be around 80 nm.
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Figure 4.1: XRD pattern of phosphor and the ISCD
reference profile.
The microstructure of XAl,Ga)sO12:Ce’* was characterized from SEM micrographs. As shown
in the images in figure 4.2,3fAl, Ga)s012:Ce®* phosphor was made up of an agglomeration of

faceted spherical particles. The particle sizeewanging from 0.5 pm to 1.4 um.

Figure 4.2: SEM images of the commercially obtainedt 3(AlGa)s012:Ce®*
phosphor.
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The PL excitation and emission spectra of theA¥Ga)sO12:Ce** phosphor are shown in figure
4.3. The excitation peaks are due to the 4f tor&dsttions of electrons in the €don and the
emission spectra is attributed to the de-excitatiothese electron from the lowest 5d level to the
field split 4f levels. Blue-shifts in the PL emigmispectra are an indication of structural changes
caused by the substitution of Al with Ga in the gplwor host. Table 4.1 shows emission data
with different concentrations of Ga in the *doped garnets [2]. From the table and the PL
spectra in figure 4.3 it can be estimated thatethserroughly 60% Ga and 40% Al in the
Y3(Al,Ga)s012:Ce*  crystal structure and also table 4.1 shows tli#¢ ishthe emission and
excitation wavelength from 504 nm and 422 nm to BADand 457 nm respectively as Al is
substituted for Ga within the phosphor host. WhéH & substituted with G4, the Ga-O bonds
re-adjust due to the difference in atomic radiu§at" which is larger than Af. The schematics

of the relative arrangement of Y, O, Al and Ga warawn using the diamond crystal software
[5] and are shown in figure 2.3. The Y/Qens are surrounded by*Qons in the dodecahedral
arrangement. The Al and G&" are surrounded by “Oions in a tetrahedral and octahedral
arrangement. Ultimately, the substitution of Gaointhe YAG lattice resulting in a
decompression of oxygen atoms directly coordin&tettie C&" atom and the structure becomes
more cubic. This change in structure directly affebe 5d orbitals of the €eand likewise the

PL characteristics [2].
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Figure 4.3: PL spectra of ¥(Al,Ga)O2Ce** with
the emission spectra monitored at the excitation
wavelength of 439 nm.

Figure 4.4 shows the relative placement of the Biitals in YsAls0.:Ce* (YAG: Ce) and
Y3(Al,Ga)s0:2:Ce* (YAGG:Ce). Electrons are excited to the E” statehe 5d orbital and are
emitted from the E’ state. The splitting of the &id E’ states is determined by the crystal field
around the C¥ atom. In unsubstituted YAG, the oxygen atoms adotine C&" atom are highly
compressed and form a non-cubic structure. Théispliof the E” and E’ states increases as the
oxygen atoms are further distorted from the culbiocsure. As Ga is substituted into YAG,
oxygen atoms surrounding the atom are decompressed and form a cubic struchsea
result, the splitting between the E” and E' stadesreases with the Ga content. Consequently,

the samples with Ga have noticeably shorter ermsgamvelengths (higher energy) [6].
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Figure 4.4: Energy level diagram for YAG: Ce and
YAGG:Ce (not drawn to scale)[6]
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Figure 4.5: (a) The emission spectra of thesfAl,Ga)s01,Ce*" phosphor monitored at
excitation wavelengths of 225 nm and 178 nm. (b) Eation spectra of the

Y 5(Al,Ga)s01,:Ce®" phosphor measured at an emission wavelength of 5han.

SAIP’2012 Proceeding$he 57th Annual Conference of the South Africariinte of Physics, in press
Page 43



: v ------ Non-radiative relaxation
Ce™" states VY
VBtoCB 1.5
Excitation §{ e \d = |7
208 nm and lower 4fto Sd £ E: E [ CR— Sd t.o ‘!f
Excitation 2 g ﬁ Emission
\ 4 zfm
*<H OOV o,

Figure 4.6: The energy diagram of the ¥{Al,Ga)s012Ce®*" phosphor
showing the excitation and emission as compiled fnro the emission and

excitation spectra.

The excitation and emission spectra of th€AY,Ga)sO..:Ce®* phosphor powder measured with
the Cary Eclipse fluorescence spectrophotometestame/n in figure 4.3. Excitation peaks were
obtained at 349 nm and 439 nm with a shoulder &tr28. An emission peak at 512 nm with a
shoulder peak at 565 nm is clear from the emissipectrum. The emission and excitation
spectra of ¥(Al,Ga)sO:2Ce”* were also obtained under UV-VUV synchrotron radiat figure
4.5. The excitation spectra of the host were measwat 178 nm and 225 nm at room
temperature. Except for the intensity difference #pectra are identical with a broad peak
consisting out of two peaks at around 512 and $85These peaks are from the de-excitation of
electrons from the lowest 5d level to the fieldits#f (*fs» and a’f7),) levels. Excitation peaks
were obtained at 349, 439, 225 and 178 nm, figuBeardd 4.5. The last peak that increases from
209 nm up to 189 nm is assigned to the host-relabsbrption, since many phosphors show
host-related absorptions around this spectral r@fijgén this case it is an indication of the band

gap absorption of the3fAl,Ga)s01, between 5.96 eV (208 nm) and 6.56 eV (189 nm).dther
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excitation peaks clearly indicate the excitatioakseof the 4f 4,,) to 5d levels. It is therefore
clear that the C& is excited via the conduction band as well ashin €&" ion itself. The PL
emission spectrum obtained by Chaoa et al. [8]éhddoad emission band that was centered at
545 nm. This emission corresponds to the transitiom the 5d excited state to the 4f ground
state of the C& ion in the YAG crystal. Their PL excitation spertr includes two peaks at 340
nm (weak) and 450 nm (strong), which corresponthéocharacteristic 5d and 4f energy levels.
A summary of the energy levels of Tén the Y3(Al,Ga)012 is given in figure 4.6 as obtained
and compiled from the measured excitation and eomsspectra. The 225 nm excitation and the
209 nm is very close to each other indicating thra of the 5d level must be on the edge of the
CB. The C& energy values of the 5d lines obtained from thislgtcompared very well with
that obtained by Tomiki et. al.[9]. The values frdramiki are: 460 nm (2.695 eV); 340 nm
(3.643 eV); 266 nm (4.66 eV); 228 nm (5.44 eV) & nm (6.07 eV). In the YAGG:Ce
system [10], replacement of Al with the larger @a in the octahedral site increases the lattice
constant and decreases the peak excitation/emigsivalength. Excitation and emission values
shows that decreasing the lattice constant actuatlgases the peak emission wavelength while
barely affecting the excitation maxima. Kottaisaetyal. [11] found a peak shift to the higher
wavelength region which indicated that the lowastdvel has shifted to a much lower energy

level due to co-doping with higher ionic size iq@& or La) at the Y site of YAG.

4.4. Conclusions

SEM micrographs showed s{Al,Ga)sO:-:Ce* phosphor powder that is made up of
agglomeration of faceted spherical particles. FtbenPL emission spectra, it was estimated that
there is roughly 60% Ga and 40% Al in thg{Al1,Ga)s01,:C€e" crystal structure. The excitation

peaks indicated that €eis excited via the conduction band as well aha@&" ion itself. The
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two emission peaks confirmed the arrangement ofithe in which the C& can only occupy

one lattice side position.
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Chapter 5

The effect of different gas atmospheres on the
structure, morphology and photoluminescence
properties of pulsed laser deposited

Y 3(Al,Ga)s01.:Ce’* nano thin films.

5.1. Introduction

Recently attention has been paid on YAG:Ce becdusan be applied to white light emitting
diodes (LEDs) as yellow emission phosphors. Th& @ is responsible for nanosecond decay
times and an intense yellow-green emission wavéheiftj. Trivalent Ga atoms have been
substituted for Al atoms in order to blue-shift #maission wavelength for use in solid-state light
applications such as fabrication of white LEDs. Thest common method to produce white
light with LEDs is the combination of blue InGaN+4&&EDs with the yellow emitting YAG:Ce
phosphor. With a LED emission wavelength of 44070 Am a fraction of the LED emission is
absorbed by the YAG:Ce phosphor and down-convettedhe well-known broad yellow
emission of the phosphor. Not converted blue LEjbtliand the yellow emission are mixed by
the phosphor powder layer to obtain white lightiwide range of correlated color temperatures
(CCT) from 4000 — 8000 K [2]. It has been shownt tHAGG:Ce has characteristics that are
suitable for this phosphor to be applied for theritaation of LEDs [3]. However in literature
YAGG:Ce has been studied rather extensively inpinder form but not so much in the thin
film form. Particularly thin films that have beemnepared by the pulsed laser deposition (PLD)

technique did not gain much attention in the pestAlsO12:Ce>* (YAG:Ce™) thin-films were

Solid State Sciences 23 (2013) 65-71 Page 48



deposited by a pulsed-laser deposition method antzjgubstrates using a solid YAG:Ce target
[4]. The as-deposited films were amorphous and a@imgethe films led to better crystallization.
PL spectra of annealed films showed a strong anddemission band around 570 nm and
excitations at 342 and 460 nm, all correspondingransitions between the4ground level to
the 5d excited levels of C& ion. Thin films offers several advantages due Heirt good
luminescence characteristics, higher image resoludtom small grains, better thermal stability
and good adhesion to the substrate [3]. The preseiha background gas in a chamber plays an
important role in the growth of the thin films dogi the PLD. There are 3 primary processes
which take place on a microscopic scale: the atomveflection on the surface, sputtering of
film atoms by the deposited atoms and implantatbrarriving atoms [5]. Depending on the
pressures inside the chamber, whether the chansbér vacuum or in the presence of a
background gas, one or two of these microscopicgases will be more favored and this
significantly affects the growth and propertiestbé film. In this chapter we report on the
morphological and luminescent properties of YAGG@&@®sphor in the powder form and the
thin film prepared by PLD in vacuum and in a backgrd gas of Ar and background gas of O
at pressures of 5 mtorr, 10 mtorr and 20 mtorrbfath gases. The aim was to identify the PLD
gas environment that will produced thin films w#hhigh PL intensity as well as structural

properties similar to the YAGG:Ce phosphor in tleevder form.

5.2. Experimental Setup

Y3(Al,Ga)s0.,:Ce™* powder phosphor obtained from Phosphor Technolgg) with
Commission Internationale de I'Eclairag@E) chromaticity coordinates: (x= 0.306, y=0.521)
and non-uniform particles with median particle sife2.5um were used in this study [6]. The

Ga to Al ratio is about 60:40 in thes(Al,Ga)sO12Ce" crystal structure. When Al is
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substituted with GH, the Ga-O bonds re-adjust due to the differencatamic radius of G4
which is larger than Af. The powder was first completely characterized #meh pressed
without binders to make a pellet which was used &&rget for PLD. Silicon (100) wafers were
used as substrates. They were cut into approxignatem by 2 cm pieces and cleaned in an
acetone ultrasonic bath for 15 minutes. A layesilidon dioxide was grown on all the films. The
phosphor target and one silicon piece at a timeweserted into the PLD chamber. An Nd:YAG
266 nm laser was used to deposit the phosphorttdrge laser fluency was kept at 0.78 Jicm
with a 10 Hz frequency. The target to substratéadie was kept at 6 cm. The chamber was
evacuated to a base pressure of Sxifbar. A film was deposited with a substrate terapee

at 300C at a vacuum pressure of 8%1Mbar. Then the chamber was backfilled with Ar and
then Q gas. The ablation was performed at a chamber'sspre of 5 mtorr, 10 mtorr and 20
mtorr for both background gases while the substieneperature was kept constant at 800
Atomic Force Microscopy (AFM) was used to obtaincragraphs of the surface using the
Shimadzu SPM - 9600 model. The root mean squareSjRMlues were obtained with the
commercial software coming with the AFM system. t8honinescence (PL) excitation and
emission spectra ware recorded using a Cary Edlipseescence spectrophotometer (Model: LS
55) at room temperature using a 140 W monochroettienon flash lamp as an excitation
source. The slit (aperture) used between the laxdpgle sample was adjusted in such a way that
a large part of the sample was exposed to theatixgitbeam to make sure an average emission
intensity was obtained over a large area of the filin and possible un-uniformities in the thin
films if any are cancelled out if an average emoissntensity is obtained. X-Ray Diffraction
(XRD) data was collected by using a D5000 diffraostter using Cul radiation ofA = 1.5405

nm in the B range from 25° — 40°, with a counting time of #os each step size of 0.0302°.
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Rutherford backscattering spectroscopy (RBS) wasl use collect composition and thickness
information of the thin films. The films were irfated with 2Me Hé ions. Auger Electron

Spectroscopy (AES)’'s depth profiles and AES sunesy of the surface before and after depth
profile where performed using a PHI 700 Scanninge&uNanoprobe. AES surveys were done
with a 25 kV 10 nA electron beam. Depth profilegeveputtered with a 2 kV, 2 pA ion beam, at

1x1 mm raster area with sputter rate of 27 nm gar m

5.3. Results

Vacuum 300°C

(420)

(400)

0 — )
Oxygen 20mtorr 300 C § g
5 o
2

Argon 20mtorr 300°C

Intensity (a.u)

. 3+ :
Y,(Al,Ga) O :Ce" powder

ICSD# 29250

27 30 33 36 39
2 theta (9)

Figure 5.1: XRD spectra of YAGG:Ce powder and filmsdeposited at 300 °C in different
gas atmospheres.
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Figure 5.2: XRD spectrum of YAGG:Ce powder and filns after annealing at 800C in

open air.

XRD patterns of the YAGG:Ce phosphor powder and flims that were deposited in various
atmospheres before and after annealing are showiguire 5.1 and figure 5.2 respectively. The
ICSD file number 29250 is also shown. Note that(##0) peaks are cut off in order to enlarge
the other reflections. It is clear that crystallién films with the same crystal structure as the
powder were obtained during the PLD process. Tihesfannealed at 80 have only a small
effect (improvement) on the crystallinity of thartHilm. The XRD peaks of the £Oare more
pronounced which indicate that better crystallinitys obtained in the @tmosphere. The XRD

of the other annealed films prepared at the othesgures was similar to the spectra shown.
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Figure 5.3: AFM micrographs of the film deposited i (a) vacuum (1.6 x 16 mbar), (b) 20

mtorr Argon and (c) 20 mtorr O at a substrate temperature of 300C

Figure 5.4: SEM micrographs of the films depositedh (a) vacuum (1.6 x 18 mbar) and (b)
20 mtorr Argon and (c) 20 mtorr O, at a substrate temperature of 300 °C

The AFM micrographs obtained, figure 5.3, showéahdigrown on the silicon substrate under
different background atmospheres as indicated. RlosnAFM images in figure 5.3, it can be
seen that films deposited in (a) vacuum (1.6 ¥ bibar) are smooth and consist of smaller
nanoparticlesX 30 nm), while the films deposited in (b) 20 mtémr atmosphere, have rough
surfaces that consist of much bigger particke9@ nm). The surfaces of the thin film deposited
in (c) 20 mtorr Q were also much smoother but much more defined dsa @nsist of

nanoparticles{ 40 nm). During deposition in vacuum, the plumerésathe target with very high
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energy and travels through the chamber to the ibsin the absence of a background gas, the
particles making up the plume (atoms, ions andtreles) are likely to be reflected when they
reach the substrate or sputter the already grovilimg The SEM image in figure 5.4(a) shows
areas on the surface where the material was sedttarno deposition took place (indicated by
the black arrows). Figure 5.4(b) shows a SEM imafya film deposited in an Ar and (c),O
atmosphere of 20 mtorr. During a PLD experimentiite pulse of a nanosecond duration the
laser energy is initially absorbed by the electronthe solid target material, the strong energy
deposition leads to an explosive evaporation of,alectrons and neutral atoms called the
plume. The initial high pressure drives the ablatmume towards the background gas. The
plume slows down and is confined in the backgrogas. Eventually, the atoms diffuse out of
the plume and migrate to the substrate or the ckamhblls [8-11]. The angular distribution of
the plume atoms is influenced by the mass densithebackground gas. For heavy gases the
broadening of the angular distribution is biggarttihe broadening in light gases. This simply
means light atoms in a heavy gas are scattered mocé than heavy atom in a heavy gas [12-
14]. Background gas of Ar has a mass density higler that of @ and therefore thus tends to
reflect lighter atoms in the plume more and thessults in a film with big particles on the
substrate as seen in figure 5.3 (b) and figure(B)40, background has a lighter mass density
relative to Ar and thus results in small broaderofghe angular distribution which results in a

thin film with small and evenly distributed parsslas seen in figure 5.3(c).

From the AFM’'s RMS value which is an indicationtbe roughness of the surface of the thin
films it could be seen that films deposited in 2@bm Ar are more rough followed by those

deposited in 20 mtorr £as a background gas while films deposited in vac (6 x 1 mbar)
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are the smoothest with an RMS value of 0.7 nm,n2a5and 4.8 nm for the films deposited in

vacuum, Q and Ar atmospheres, respectively.

Oxygen

20 mtorr
w10 mtorr
5 mtorr

(——Cxygen
1 -E—Amon /

PL Intensity (au.)

T T T T T T
0 12 4 16 i 20 p2

Pressure (mtor)

PL Intensity (a. u)

450 500 550 600 650
Wavelength (nm)

Figure 5.5: PL intensity of the films deposited in Q at various background gas pressures in
the chamber, with the inset the relative maximum PLintensity of films deposited in Q and
in Ar at different pressures as indicated (345 nmitation wavelength was used).
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Figure 5.5 shows the PL intensity of the films depe in Q at various background gas
pressures in the chamber. The emission spectrediliins were obtained under excitation of the
host at 345 nm and 435 nm at room temperafxeept for the intensity difference the spectra
are more or less identical with a broad peak ctingi®f two peaks at around 502 nm and 545
nm. These peaks are from the de-excitation of lestfrom the lowest 5d level to the field split
4f (fs;, and &) levels as is the case with the powder. The shéfiee emission spectra of the
films are identical to those ofsfAl,Ga)sO:2:Ce™ in the powder form except there is a definite
shift in the peak positions towards lower wavelésgiThis shift can be attributed to the crystal
field effect on the 5d level of the &don. The PL intensity increases with increasingspure
for both sets of films deposited in Ar and in & shown as inset in figure 5.5. This is because
the increasing pressure inside the chamber slows doe particles of the plume thus preventing
re-sputtering on the film surface and allows a filyer to grow. But a more intense increase is
observed for films deposited in an Gackground. This is because thg r@olecules in the gas
background will react with some of the particleghe plume and sincesfAl,Ga)s0:,:Ce™ is an
oxide material, the ©background will result in a film that has the sast@chiometry as that of
the powder. PL spectra obtained by Choe [4] fromeated PLD YAG:C¥ films showed a
strong and broad emission band around 570 nm aailagans at 342 and 460 nm, clearly
pointed out the influence on the wavelength pos#idue to the Ga in our films. Figure 4.4
shows the relative placement of the 5d orbitals YgAIsO::Ce* (YAG: Ce) and
Y3(Al,Ga)s01.:Ce* (YAGG:Ce) [14]. Electrons are excited to thesEate of the 5d orbital and
are emitted from the Btate. The splitting of the End E states is determined by the crystal
field around the C& ion. In films that have less Ga on the surface,akygen atoms around the

Ce* ion are highly compressed and form a non-cubiecsire. The splitting of the ‘Eand E
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states increases as the oxygen atoms are furtstertdd from the cubic structure. As more Ga
atoms are deposited onto the surface of the fibmggen atoms surrounding the ¥éon are
decompressed and form a cubic structure. As atrebal splitting between the Bnd E states
decreases with the Ga content. Consequently, t{Al,%a)s0.,Ce" films have noticeably
shorter emission wavelengths (higher energy) coetbar Ys(Al,Ga)sO-:Ce** powder phosphor
indicating that there is more Ga in the films tamhe powder. The shift in the PL wavelengths

may therefore be ascribed to the slight changawr@enment from the powder to the thin films.

Excitation for 510nm emission
435 nm

345 nm

PL Intensity (a. u)

L] o ) d L) d L) v ] o L) d L)
320 340 360 380 400 420 440
Wavelength (nm)

Figure 5.6: A typical excitation spectrum of the fims measured for an emission of 510 nm.

The excitation spectra shown in figure 5.6 were suead from the 510 nm emission from the
films. A slight shift in these peaks to lower waamgdths occurred if compared to the powder in

figure 4.3. The peaks are also much broader thainaththe powder with an estimated FWHM

value of 33 nm and 55 nm respectively.
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Figure 5.7: Depth profiles of films before and afteannealing.

Depth profiles of several thin films as depositedi after heat treatment at 8@0in open
atmosphere were performed and are shown in Figufe The depth profiles are from the
Y 3(Al,Ga)s012:Ce™* thin films and the Si® on top of the Si substrates. By using the point
(depth) where the Y concentration in the AES pedfiis about 50% of the maximum Y
concentration as an estimation of the film thiclengee thicknesses for the vacuum, &d Ar
background prepared layers were determined as @2@80 nm and 270 nm, respectively. The
films prepared in vacuum are clearly much thinf@antthe rest of the films. This might be due
to the fact that the plume (in vacuum) is energetien arriving on the substrate resulting in re-
sputtering and reflection of the plume atoms wHedds to the thin layer as well as a smooth
surface. The effect of the Ar and @&mosphere on the thicknesses is clear. It is finerelear

that the angular distribution, as pointed out aba¥¢he plume atoms is influenced by the mass
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density of the background gas and therefore tHerdifit thicknesses. The heat treatment did not
change the distribution of the elements signifigaekcept for the broader interfaces between
the YAGG and the Sig indicating that some diffusion did take placette interfaces. The
oxygen concentration for the,®ackground sample is slightly higher than the ofiims as
expected causing the oxygen loss from the depaosgiocess (light atoms in a background gas
are scattered much more than heavy atom) to leel filp again to be closer to the stoichiometry

of the target.

Energy (MeV)
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Figure 5.8: RBS spectrum of a film deposited in @ 20 mtorr at 300C substrate

temperature showing the best fit (red).

Figure 5.8 shows an RBS spectrum of the 2D mtorr film. The red line is the best fit siratdd
on the RBS data using the Rutherford universal mdation program (RAMP) program. From

the RBS the stoichiometry of the films was compkratio that of the commercial powder
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(Y:Al:Ga:O — 3: 2 : 3 :12). The RBS spectra ob¢girwhen the films were irradiated with 2Me

“He" ions looked similar for all the films.

5.4. Conclusion

Thin films of the YAGG:Ce phosphor powder were sssfully prepared in different gas
environments using the PLD technique. Various serfanalyzing techniques were used to
characterize the morphological and luminescent gni@s. XRD showed a slight improvement
in the crystallization of the films after the filmgere annealed with better crystallization taking
place in films deposited in amp®ackground. These films also showed the highkeshtensity
when excited with a xenon lamp. The AES depth f@sfindicated the films had different
thickness and the distribution of elements on #yel to be homogeneous. Ablation in vacuum
resulted in films with a smoother surface due t@pettering while ablation performed in the
presence of a background gas (Ar anjl ®sulted in rougher film surfaces. PLD proved&a
good technique to grow the films of this phosphothe RBS data showed that the stoichiometry
was maintained from the powder to the film form.eTitesults given therefore indicates that
oxygen at a pressure of 20 mtorr provides good itiond in the chamber to grow films with

high PL intensity and good morphological charasters.
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Chapter 6

The effect of substrate temperature on the structug,

morphology and photoluminescence properties of

pulsed laser deposited ¥Al, Ga)s0;,:Ce** nano thin
films.

6.1. Introduction

Y3Als0:2:Ce" or YAG:Ce is used in several applications suchsalid state lighting and
displays. When Ga is added and substituted foroAbtm Y; (Al,Ga)sO.2Ce™, this phosphor
has the potential to be applied in the fabricatadnLight emitting diodes especially if the
phosphor is used in the thin film form. Thin filroffers several advantages due to their good
luminescence characteristics, higher image reswludtom small grains, better thermal stability
and good adhesion to the substrate [1]. The substeanperature plays a critical role in the
growth of the films during the Pulsed Laser Deposit(PLD). The mobility of the atoms
deposited on the surface is directly dependenherigmperature of the substrate. The activation
energy of processes that takes place on the suacduenced by this dependency [2]. The
movement and interaction on the surface of the teatlesof different particles (atoms, ions,
electrons etc.) that makes up the plume is maietgrthined by the substrate temperature and
the energy of these deposited particles [3]. Thestallinity of the as-grown films has been
shown to be highly dependent on the processing d¢eaityre [4]. Research on the influence of

substrate temperature or(Xl,Ga)0:2:Ce™* thin films is of great importance to establish the
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optimum substrate temperature range for a high ghlnoiinescence (PL) intensity. In this
chapter we report on the luminescence and morploalogroperties of ¥(Al,Ga)sO12:C€e*" thin

films prepared by PLD. The aim was to establishapgmum substrate temperature that will
produce thin films with a high PL intensity as wel structural properties similar to the

Y 5(Al,Ga)s012:C€e** phosphor in the powder form.

6.2. Experimental Setup

Y 3(Al,Ga)s012:Ce* powder phosphor obtained from Phosphor TechnoldgK) with
Commission Internationale de I'Eclairage (CIE) cdomates: (x=0.306, y=0.521) and non-
uniform particles with median particle size of 2% were used in this study [5]. The Ga to Al
ratio is about 60:40 in thesfA,Ga)0:1.:Ce™ crystal structure. The powder was pressed without
binders to make a pellet which was used as a tdogePLD. Si (100) wafers were used as
substrates. They were cut into approximately 2 gn2ltm pieces and cleaned in an acetone
ultrasonic bath for 15 minutes. A layer of Si@as grown on some of the Si substrates. The
phosphor target and one Si piece at a time weegtewsinto the PLD chamber. An Nd:YAG 266
nm laser was used for the deposition. The lasenfly was kept at 0.78 J/émith a 10 Hz
frequency. The target to substrate distance wasdep cm. The chamber was evacuated to a
base pressure of 3.7x1Gorr. Then the chamber was backfilled with Gas to a chamber
pressure of 1xIBtorr. The ablation was performed for substrate &mpres of 22°C, 100°C,
300°C and 500°C. The room temperature samples #epesited on the Si(100) without $jO
while the higher temperature samples were depositethe Si/SiQ substrates. The films were
then annealed at 800°C for 2 hours in open airmf#t¢o~orce Microscopy (AFM) was used to
obtain micrographs of the surface using the ShimgRM — 9600 model. PL excitation and

emission spectra ware recorded using a Cary Edlipseescence spectrophotometer (Model: LS
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55) at room temperature using a 140 W monochroetti¢enon flash lamp as an excitation
source. X-Ray Diffraction (XRD) data was collectby using a D5000 diffractometer using
CuKa radiation ofaA = 1.5405 nm in the@range from 24° — 40°, with a counting time of b

each step size of 0.0302°. Auger Electron Speadms¢AES)’'s depth profiles and AES survey
test of the surface where performed using a PHIS@hning Auger Nanoprobe. AES surveys
were done with a 25 kV 10 nA electron beam. Deptfiles were done by sputtering with a 2
kV, 2 pA ion beam, at 1x1 mm raster area with attespuate of 27 nm per min. Scanning
Electron Microscop€SEM) images were obtained with a 25 kV, 10 nA &tet beam. Line

profiles were done with a 25 kV, 10 nA electrontoea

6.3. Results

Figure 6.1 shows the XRD patterns of the films edulaat different substrate temperatures
together with the powder pattern. The ICSD file @m29250 is also shown. Crystalline thin

films with the same cubic polycrystalline phaseisture as the powder were obtained during the
PLD. XRD results show a constraint in the growthhef crystals due to a low atomic mobility at

a deposition temperature of 22°C. An increase ©@0and 300°C supplied the atoms on the
substrate surface with more thermal energy anditiarsased their surface mobility that lead to

better crystallization at the higher temperatukéswever too high temperatures such as 500°C
can decrease the crystallinity of the thin film®da interdiffusion, desorption or dissociation of

atoms and molecules.
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Figure 6.1. XRD patterns of Y;(A,Ga)s012:Ce** powder and films

deposited at different substrate temperatures.

Figure 6.2. SEM images of films ablated at Figure 6.3. AFM images of films

substrate temperatures of (a) 22°C, (b) 300°C  ablated at substrate temperatures of
and (c) 500°C. (@) 22°C, (b) 100°C (c) 300°C and (d)
500°C.

Effects of substrate temperature on the morphodbgicoperties of ¥(Al,Ga)sO1:Ce’* thin

films are shown in figure 6.2 and figure 6.3. Faubstrate temperature of 300°C, a well-defined
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grain growth is obtained seen on the AFM imageigure 6.3(c). A lack of uniformity is
observed for films ablated at 22°C (figure 6.2(a)l igure 6.3(a)) where big and small particles
are seen due to the low mobility of the atoms @nstirface of the substrate. Figure 6.3(b) shows
a better grain growth but with big and small paescstill seen. A poor defined grain growth
resulted for films ablated for a substrate tempeeabf 500°C. For these films shown in figure
6.2 (c) and 6.3 (d), the surface appears meltel avilecreased in surface roughness due to the

high substrate temperature.

25.0kV Y-Red, Si-Green, O-Blue 0200 pm |FOV: 2um 0.200 ym

Figure 6.4. (a) Cross sectional SAM image and (bjass sectional SEM image of the film

ablated at a substrate temperature of 300°C.

Figure 6.4 (a) and (b) show a typical cross seati@A\M image and (bgross sectional SEM
image of the film ablated at a substrate tempesad@ir300°C. Different regions and layers are
indicated by solid and dotted lines on the crossi@@al SEM image. It is clear that the
deposited film consist of a homogenous thin filnd aadditional big particulates of several
hundred nanometer on top of the film. The unifornogphor layer thickness was estimated at

about 160 nm. Similar images were obtained forother films. The generation of particulates
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during the deposition process, is not ideal for #pplication field and is one of PLD’s
disadvantages. However Coetsee et al. [6] pointgdtlat these particulates may have an
advantage due to the higher CL intensity comingftbese particles on the thin film. During the
investigation of the CL intensity degradation of ¢ixide coated ¥SiOs:Ce thin films grown by
PLD it was observed that more photons exiting tteggeerically shaped particles in comparison
with the uniform thin layer where the photon getally internally reflected [6]. The depth
profiles were performed at the positions on théaser (indicated by thelue squares in the SEM

images in figure 6.2) between these big partictesae shown in figure 6.5.

90 90
22°C substrate temparature a 300°C Substrate temperature
—c —_cC
—0 — O
Al
—_Y
Ga
——Si

90

500°C Substrate temperature C
—0
Al

Al
—Y
60 4 Ga
—S8i

—Y
60 - Ga
—Si

3
S

30

w
3
n

304

Atomic concetration (%)
Atomic concentration (%)
Atomic concentration (%)

0 T T T T = 0 SO, P S e 0 7 ; 7 7 7 =
0 100 200 300 400 500 600 0 100 200 300 400 500 600 0 100 200 300 400 500 600
Depth (nm) Depth profile (nm) Depth profile (nm)

Figure 6.5. Depth profiles of the different substrée temperature films.

Figure 6.5 shows depth profiles of the films defsabat (a) 22°C, (b) 300°C and (c) 500°C. The
depth profiles are from thestAl,Ga)s01.:Ce** thin films and the Si@on top of the substrates. A
much higher Y concentration as expected was olitaateall the substrate temperatures. By
using the point (depth) where the Y concentrat®oaliout 50% of the maximum Y concentration
as an estimation of the film thicknesses for theC22300°C and 500°C prepared layers, the
thicknesses were determined as 152 nm, 153 nm 4&#dnth respectively. Similar thickness
values were also found for cross sectianahsurements of the films. All the films seem teeha

almost the same thickness and substrate tempertidasenot have a significant effect on this
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regard. The concentration of the elements makinthegilms also remain more or less the same
as the substrate temperature is varied. Pleasetmadt&’ is not actually diffusing into the SiO
layer as observed on the depth profiles. What én @ Y concentration increasing inside the
SiO, layer is actually as a result of the Si 1739 e¥kpigom SiQ monitored overlapping with
the Y 1748 eV peak and need to be removed in fustudies. The distribution of elements,
however, is significantly affected at the interfamfethe phosphor/Si9at the higher substrate
temperature during deposition as indicated by #mtdprofile of the film deposited at the 500°C
substrate temperature (figure 6.5 (c)). It can éensthat the Si has diffused into the phosphor
thin film with the consequent broadening of theeifdce. The 500°C substrate temperature

seems to promote this diffusion of Si into the gdta® thin film layer.

PL Intensity (a. u)

460 480 500 520 540 560 580 600 620
Wavelength (nm)
Figure 6.6. PL intensity of the films deposited irlx10?torr

O, at various substrate temperatures (Extation wavelsgth =
345 nm).
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Y 3(Al,Ga)012:Ce" in powder form has 60% Ga and 40% Al, this resintshe PL emission
wavelength of 512 nm and 565 nm [7]. Figure 6.6xghthe PL emission of {Al,Ga)s0;,:Ce™
thin films which peaks at around 495 nm and 542 Tinis wavelength shift can be attributed to
the change in Ga/Al ratio within the crystal lagtigvhich primarily affects the crystal field
around the Ce ion which is responsible for the sinis C&" doped phosphors typically have
two emission bands due to the true level$Rgf, and °F, of the configuration of C& [8, 9].
Each C&" site gives rise to transitions from the 5d to te (therefore two peaks) 4f energy
levels €Fs2 and®F,, due to crystal field splitting)The substitution of Ga into thesXls0;,:Ce**
lattice result in a decompression of oxygen atoinsctly coordinated to the Geion and the
structure becomes more cubic. This change in sireictirectly affects the 5d orbitals of the’Ce
as it moves it from the bottom of the conductiondand likewise the PL characteristics as seen
by the shift in figure 6.6 [10]. It can also be sém figure 6.6 that the PL intensity increased
with an increasing substrate temperature up to ¥WOSubstrate temperature improved the
crystallinity and luminescent intensities of thim¥ phosphors. Interdiffusion of the Si at 500°C
however lead to a decrease in the PL intensity. €lab. [11] noted the same effect during the
investigation of optical properties of sol-gel aled Y,Os:EU** thin film phosphors for display

applications.

6.4.Conclusion

Thin films of the Y;(Al,Ga)sO.2Ce" phosphor powder were successfully prepared atreit
substrate temperatures using the PLD technique. XRiwved that the crystallinity of the films
has improved with increasing substrate temperatpréo 300°C. The crystallinity was affected
by interdiffusion at 500°C. The films deposited380°C also showed the highest PL intensity.

AFM images showed nano-meter sized grains in thgeaf 30 nm to 90 nm and at a 22°C
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substrate temperature there was a mixture of smdlllarge grains. As the substrate temperature
was increased to 300°C larger and more uniformngrdormed that increased the surface
roughness. At 500°C, a decrease in the surfacennmsg was, however, observed. The results
indicate that a substrate temperature of 300°hi@aatmosphere provides good conditions to

grow films with high PL intensity and good morphgical characteristics.
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Chapter 7

Characterization of Y (Al, Ga)5012:Ce3+ thin films.

This chapter contains extra and supporting disousson the characterization of thin films in
order to investigate surface morphology with difetr PLD process parameters when preparing
thin films. The results given in this chapter fr&@EM and AES measurements adds to what have
been discussed in Chapter 5 and Chapter 6. Theemde of the number of pulses on

photoluminescence properties of the thin film sodbriefly discussed.

7.1. Introduction

In pulsed laser deposition (PLD) technique, differparameters such as background gas in the
deposition chamber, substrate temperature anduimder of laser pulses have a direct influence
on morphological properties of s{Al,Ga)0:2:Ce'thin film. Particle formation is a major
drawback of PLD and it usually is the main limitifigctor in the application field of this
deposition methodParticulates can form from liquid droplets that expelled from the target
during ablation, from ejected protruding surfacatdees that are mechanically removed from the
target by laser induced thermal and mechanicalkslaydrom cluster condensation from vapour
species due to supersaturation[1]. A number ofiqdate control measures have been devised
over the years to reduce particulate formation e film surface during PLD. Some of these

control measures include second laser for vapaosizadf particulates in plume [2,3,4] and
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Ambient gas control [1]. Thin films of ¥Al,Ga)s0:12Ce* were prepared using PLD and the
morphological properties of the films were inveatgy. Different deposition parameters such as

background gas, substrate temperature and numiesesfpulses were varied.

7.2. Experimental

Y 3(Al,Ga)s012:Ce* powder phosphor obtained from Phosphor TechnoldgK) with
Commission Internationale de I'Eclairage (CIE) cdomates: (x=0.306, y=0.521) and non-
uniform particles with median particle size of 215 were used [5]. The Ga to Al ratio was
about 60:40 in the XAl,Ga)012Ce" crystal structure. The powder was first pressetthawit
binders to make a pellet which was used as a téogetblation. Oxidized silicon (100) wafers
(SiO/Si) were used as substrates. They were firstrtotapproximately 2 cm by 2 cm pieces
and cleaned in an acetone ultrasonic bath for ut®s. The target was ablated using a 266 nm
Nd:YAG laser and the resulting plume was deposite&iQ/Si substrates (one at a time) placed
perpendicular to the target at a fixed target-sabestdistance of 6 cm . The laser fluence and
frequency were kept constant at 0.78 Jamd 10 Hz respectively. The depositions of the
Y3(Al,Ga)012Ce* films were carried out when varying parametershswas substrate
temperature (from room temperature up to 500°@),niimber of pulses (10 000 to 40 000) and
the chamber atmospheres;(@r and vacuum). The deposition chamber was éivsicuated to a
base pressure of 1 x $@nbar. To investigate the effect of the numberwées from the laser on
the growth of the ¥(Al,Ga)s0.Ce" films, the chamber was backfilled with, Qjas at 10 mtorr
pressure and ablation was done while the numbeulses from the Nd:YAG laser was varied
from 10 000, 20 000 and 40 000 pulses with the tsafestemperature kept constant at 300°C.
Then to investigate the effect of substrate tentpezathe number of pulses were kept constant

at 20 000 pulses and the ablation was done at ubstrate temperatures of 22°C (Room
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Temperature), 300°C and 500°C for chamber atmosphar 10 mtorr @ For the investigation

of the effects of PLD chamber atmospheres, thetsatie temperature and the number of pulses
were kept constant at 300°C and 20 000 pulses ctgply. Ablation was first done in the
chamber with a vacuum pressure of ¥fibar, then in @and Ar atmospheres at pressure of 20
mtorr, respectively for both gases. A summary giadtion parameters that show parameters
that were varied versus those that were fixedviergin Table 7.1.

Table 7.1: Varied vs. fixed parameters during filmdeposition

Fixed Parameters Varied Parameters
Laser fluence (J/cfh | 0.76 | Substrate 22 300 500
temperature (°C)
Target distance (cm)| 6 No of Pulse 10 000 20000 OCW
Frequency (Hz) 10 Working atmosphere Ar 0 Vacuum
(mtorr) (mtorr) | (mtorr)
Working pressure 20 20 fo

The films were later annealed in air at 8@or 2 hours to improve their crystallinity andticpl
properties. The root mean square (RMS) values wa&i@ilated using the commercial software
of the AFM system. The room temperature PL exdtatind emission spectra were recorded
using a Cary Eclipse fluorescence spectrophotom@idel: LS 55) using a 140 W
monochromatized Xenon flash lamp as an excitattance. Auger depth profile survey surface
testing was performed using a PHI 700 Scanning ANg@moprobe. The surveys were done with
a 25 kV, 10 nA electron beam. For depth profilitieg film surfaces were sputtered with a 2 kV,
2 YA ion beam, over a 1x1 mm raster area with d@tepurate of 27 nm per miSEM images

were done with 25kV, 10 nA electron beam
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7.3. Results

Figure 7.1 shows emission spectra of films depdsigh different number of pulses in an O
atmosphere at a pressure of 10 mtorr with substesiperature kept constant at 300°C. The
frequency of the laser was 10 Hz. The depositios e@ne at 10 000, 20 000 and 40 000 pulses
which is equivalent to ablation times of 16 min<g}B3 min 20 s and 66 min 40 s respectively.
The PL intensity of the films increases with in@i@g number of pulses as expected due to a

thicker layer that was deposited at a larger nurobeulses.

10 000 pulses
20 000 pulses
=40 000 pulses

PL Intensity (a. u)

¥ ¥ ¥
460 480 500 520 540 560 580 600

Wavelength (nm)

Figure 7.1: Emission spectra of films deposited whtdifferent number of pulses in an Q

atmosphere at a pressure of 10 mtorr with substratéeemperature kept constant at 308C.

Longer period of deposition or high number of palsssults in more material being ablated from

the target and deposited onto the substrate. €kidtrin thicker films which means high content
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of all the elements making up the(¥l,Ga)s0:12:Ce** phosphor are present on the surfacé’ Ce
ions are also ejected from the target and incotpdrinto the garnet lattice on the films and this
is fundamental in order to obtain high PL emisdimm films of micro/nano thickness. Except
for the difference in the PL intensity all the sjpacare more or less identical with a broad peak
consisting of two peaks around 500 nm and 545 roh ¢learly visible). These peaks are from
the de-excitation of electrons from the lowest &del to the crystal field split 4fs;, and a
’F;10) levels as it was observed from the same materiglowder form [6]. The shape of the
emission spectra of the films are identical to €ho$ Ys(Al,Ga)sO:2:Ce" in the powder form
except that there is a definite shift in the peakifions towards lower wavelengths. This shift

can be attributed to the crystal field effect o Hal level of the C& ion [7].
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Figure 7.2: The cross sectional SEM images togethesith the cross sectional
SAM image and AES survey of the films ablated at dastrate temperatures of
(a) 22°C, (b) 300°C and (c) 500°C

The effects of substrate temperature have already discussed in chapter 6 where the analysis
indicated the substrate temperature of 300°C i@aatmosphere provided good conditions for
film growth with high PL intensity. From Figure 7.the thickness of the films can be measured

directly from the images. The thickness obtaine@nvimeasured from the cross sectional images
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is equivalent to the thickness obtained from theSAtepth profiles reported in chapter 6, section
6.3. The thickness ranges from 135 nm to 155 nnmwheasure from the images where @n2

~ 9mm. Also from Figure 7.2, it can be seen fromdfess sectional SEM images that formation
of particulates on the surface still persist afedlédnt substrate temperatures. Therefore substrate

temperature could not be optimized for preventibpasticulates on the film surface.

The background atmosphere of the chamber howewss sem to play a role in the reduction of
particulate formation on the surface of the filAEM’s RMS value which is an indication of the
roughness of the surface of the thin films is showifigure 7.3 and it can be seen that films
ablated in Ar are the roughest followed by thoskatald in Q as a background gas while films
ablated in vacuum are the smoothest with RMS vafu@7 nm for the film ablated in vacuum
and RMS values of 2.5 nm and 4.8 nm for the ondated in Ar and @ background

respectively.

Vacuum Oxygen Argon
Thin films

Figure 7.3: AFM's RMS value of different films at various background atmospheres.
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SEM images of the films ablated in various backgbatmospheres are shown in Figure 7.4 and
they show more particulate growth in films ablaiadAr atmosphere as compared to those
ablated in @and in vacuum. Figure 7.4(a) shows a relativelglsmumber of particulates on the
surface as compared to Figure 7.4(b) and (c) doggsosting the AFM’s RMS results shown in
Figure 7.3Typical particulate sizes are in the micron andnsicbon ranges. SEM images show
a small size distribution in Figure 7.4(a) but acrease in the particle size with pressure is
observed in Figure7.3(b) and (c). Similar resultmadre particulate forming and increase their
size due to the presence of the background gasopease in the chamber atmosphere are

reported elsewhere [1] [8]

Figure 7.4: SEM micrographs of films ablated in vaaum (a), O2 (b) and Ar (c)
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7.4. Conclusion

The pulsed laser deposition (PLD) technique wasduge prepare thin films of
Y3(Al,Ga)s0:12:Ce®. Deposition parameters investigated in this chajsteludes the substrate
temperature, number of pulses and different atmergshin the chamber. The thickness of the
films increased with an increase in the numberw$gs from 10 000 pulses to 40 000 pulses,
therefore films deposited with 40 000 pulses hadhighest PL intensity. Increase in particulate

growth was observed with increasing chamber pressur
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Chapter 8

Summary and suggestions for future work

8.1. Summary

Ga substitution induced changes in the crystalcaire of Y3Als0.,:Ce, these changes are
observed in the morphological and luminescence etgs. Samples containing Ga have
noticeably shorter emission wavelengths (highergneand the excitation wavelengths are
longer (lower energy). The Ga ion is larger tham &l ion by about 20.5 % in the tetrahedral
sites and 17 % in the octahedral sites. The additif Ga ions into the YAG structure is
influential on the environment of the €don. Ultimately, the substitution of Ga into thé\®
lattice result in a decompression of oxygen atoirectly coordinated to the €eatom and the
structure becomes more cubic. This change in streictirectly affect the 5d orbitals of the¥e
and likewise the photoluminescent characterisfit® excitation peaks indicated that*Ces
excited via the conduction band as well as in tf&d" @n itself. The two emission peaks
confirmed the arrangement of the atom in which @&" can only occupy one lattice side

position.

Thin films of the YAls0:2:Ce**phosphor powder were successfully prepared usiagPthD
technique. Deposition parameters investigated deduthe substrate temperature, number of
pulses and different atmospheres in the chamberoda surface analyzing techniques were
used to characterize the morphological and lumems@roperties. XRD showed a slight
improvement in the crystallization of the films. t&f the films were annealed, better

crystallization of films deposited in an,®ackground was observed. Also the crystallinityhef
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films improved with increasing substrate tempemauyp to 300°C. The crystallinity was affected
by interdiffusion at 500°C. The thickness of thenB increased with an increase in the number
of pulses from 10 000 pulses to 40 000 pulsesetber films deposited with 40 000 pulses had
the highest PL intensity. The films deposited a®°® also showed the highest PL intensity.
High PL intensity was also observed for films defgasin an Q background. The results also
indicate that deposition conditions of 20 000 psissubstrate temperature of 300°C in gn O
atmosphere at 20 mtorr pressure provides good tonslito grow films with high PL intensity
and good morphological characteristics. The AESHhdppofiles indicated the films had different
thickness and the distribution of elements on #yel to be homogeneous. AFM images showed
nano-meter sized grains and at a 22°C substraigetature there was a mixture of small grains
and large grains. As the substrate temperatureimeasased to 300°C larger and more uniform
grains formed that increased the surface roughn&ss500°C, a decrease in the surface
roughness was, however, observed. PL intensityilwis fwith well-defined grains (rougher)
surfaces was higher than PL intensity of films eleterized by poorly-defined grains (smooth)
surfaces. High PL intensity was observed for fileposited in @as compared to those ablated
in the Ar atmosphere. PLD proved to be a good tieckento grow the films of this phosphor as

the RBS data showed that the stoichiometry was taiagd from the powder to the film form

8.2. Future work

Future work would include a greater variety of @sx parameters such as ablation at substrate
temperature 200°C, 250°C, 325°, 350°C, 375°C, 4007€450°C with the aim of confirming if
300°C is the optimum substrate temperature. Alsaathiation can be done in three different gas
species (@ N, and Ar). Ablation in each of the three differerstsgspecies at 1 and 3 Torr

pressures as well as pressures above 20 mtorrnaedtigating the effect on the plume. The
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effect of the laser energy and target to substi@stance can also be investigated. Annealing of
the films after deposition can also be exploredandm this study films were only annealed at
800°C for 2 hours in open air. The PL and morphiglalgproperties of the films can be
investigated where films are annealed at diffetemperatures, e.g. 900°C, 1000°C and 1200°C.
The duration of the annealing time can be increasedell to 3 and 4 hours. Annealing can also
be done in different gas atmospheres such as ANaiitie use of a different type of the ablation
laser can also be of great interest. 266 nm Nd:Y&g8r was used in this study. Laser sources of
higher energy such as 248 nm KrF and 193 ArF camsbd to investigate their influence on the
growth of Ys(Al,Ga)012Cenano thin films. The CL degradation of the filmsncalso be
studied: especially the influence of the beam curesmd beam voltage on the CL degradation.
Research following degradation study can be orctia¢ing of the films in order to decrease the
degradation rateOne challenge faced when growing thin films is themation of big unwanted
micron particles on the surfaockpplying the off axis PLD technique is an optionatéo trying to
minimize the formation of this particles on thefaae. This is a technique where the substrate is
mounted either upside down in the chamber or atragle wherethe plume is not directly
focused onto the substrate. Rotating the subddtatag the deposition would also aid in uniform

thickness growth of the thin films.
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